Abstract Aims/hypothesis: Insulin resistance leads to oxidative stress and cardiac dysfunction. This study examined the impact of catalase on insulin-resistanceinduced cardiac dysfunction, oxidative damage and insulin sensitivity. Methods: Insulin resistance was initiated in FVB and catalase-transgenic mice by 12 weeks of sucrose feeding. Contractile and intracellular Ca 2+ properties were evaluated in cardiomyocytes including peak shortening (PS), time-to-PS (TPS), time-to-90% relengthening (TR 90 ), half-width duration (HWD), maximal velocity of shortening/relengthening (±dL/dt), fura-fluorescence intensity change (ΔFFI) and intracellular Ca 2+ clearance rate (τ). Reactive oxygen species (ROS) and protein damage were evaluated with dichlorodihydrofluorescein and protein carbonyl formation. Results: Sucrose-fed mice displayed hyperinsulinaemia, impaired glucose tolerance and normal body weight. Myocytes from FVB sucrose-fed mice exhibited depressed PS and ±dL/dt, prolonged TR 90 and τ, and reduced ΔFFI associated with normal TPS and HWD compared with those from starch-fed control mice. ROS and protein carbonyl formation were elevated in FVB sucrose-fed mice. Insulin sensitivity was reduced, evidenced by impaired insulin-stimulated 2-deoxy-D-[ 3 H] glucose uptake. Western blot analysis indicated that sucrose feeding: (1) inhibited insulin-stimulated phosphorylation of insulin receptor and Akt; (2) enhanced proteintyrosine phosphatase 1B (PTP1B) expression; and (3) suppressed endothelial nitric oxide synthase (eNOS) and Na + -Ca 2+ exchanger expression without affecting peroxisome proliferator-activated receptor γ (PPARγ), sarco(endo)plasmic reticulum Ca 2+ -ATPase isozyme 2a and phospholamban. Catalase ablated insulin-resistanceinduced mechanical dysfunction, ROS production and protein damage, and reduced eNOS, but not insulin insensitivity. Catalase itself decreased resting FFI and enhanced expression of PTP1B and PPARγ. Conclusions/ interpretation: These data indicate that catalase rescues insulin-resistance-induced cardiac dysfunction related to ROS production and protein oxidation but probably does not improve insulin sensitivity.
Introduction
Metabolic syndrome characterised by obesity, hypertension and insulin resistance is a serious medical problem resulting from interactions between genetic makeup and lifestyle [1] [2] [3] . Individuals with insulin resistance exhibit a high incidence of cardiovascular diseases such as ventricular dysfunction [1] [2] [3] . Compromised heart function associated with insulin resistance is characterised by impaired cardiac efficiency, reduced ventricular function and coronary heart disease [2] [3] [4] [5] [6] [7] . Many of these dysfunctions are reminiscent of those found in diabetic individuals with compromised heart function. It has been demonstrated that diabetic heart dysfunction is often characterised by prolonged action-potential duration, impaired ventricular compliance, reduced cytosolic Ca 2+ clearance and prolonged ventricular relaxation [8] [9] [10] . However, it has not been fully elucidated whether prediabetic insulin resistance directly predisposes hearts to these diabetic mechanical defects.
Binding of insulin to its receptor initiates tyrosine autophosphorylation of insulin receptor [11] . The metabolic effects of insulin are mediated through IRS-1/IRS-2-mediated activation of the phosphatidylinositol-3 kinase pathway [12] . Several post-insulin-receptor molecules have been indicated to play significant roles in insulin signalling, including the serine/threonine protein kinase Akt, protein-tyrosine phosphatase 1B (PTP1B), peroxisome proliferator-activated receptor γ (PPARγ), and mammalian target of rapamycin and S6 kinase [13] [14] [15] . It has been speculated that malfunction of these signalling molecules (either dampened or hyperactivated) may contribute to development of insulin resistance [3, 16] . Therefore, this study aimed to investigate the impact of antioxidant catalase on prediabetic insulin-resistance-induced cardiac mechanical dysfunction, oxidative stress, protein damage and insulin sensitivity at the levels of glucose uptake, insulin-receptor tyrosine phosphorylation, Akt, PTP1B and PPARγ. We also evaluated the level of endothelial nitric oxide synthase (eNOS), a down-stream target for Akt. Ample evidence has related accumulation of reactive oxygen species (ROS) to complications of diabetes and obesity [17, 18] . However, the role of oxidative stress in cardiac dysfunction under insulin resistance is essentially unknown. We used a sucrose-diet-induced insulinresistance model with hyperinsulinaemia and hypertriglyceridaemia [5, 6, 19] . It is believed that changes in fatty acid composition and membrane fluidity may contribute to the elevated cholesterol content and cholesterol:phospholipid ratio [19] . Cardiac contractile properties, ROS, protein carbonyl formation, cardiac Ca 2+ -regulatory proteins including sarco(endo)plasmic reticulum Ca 2+ -ATPase isozyme 2a (SERCA2a), phospholamban (PLB) and Na + -Ca 2+ exchanger (NCX), as well as insulin-signalling molecules at both receptor and post-receptor levels, were examined in cardiomyocytes or myocardium from both sucrose-fed prediabetic insulin-resistant and starch-fed control mice.
Materials and methods

Experimental animals and induction of whole-body insulin resistance
The experimental procedure was approved by our Institutional Animal Care Committee. Four-month-old male FVB and catalase-transgenic mice (∼18 g) were fed either a cornstarch or sucrose (each providing 68% of total energy) diet (Research Diets, New Brunswick, NJ, USA) for 12 weeks. Generation and identification of cardiac-specific catalase-transgenic mice were described previously [20, 21] . A primer pair derived from the myosin heavy chain promoter and rat catalase cDNA was used with the reverse sequence of aat atc gtg ggt gac ctc aa and the forward sequence of cag atg aag cag tgg aag ga. A line with cardiac catalase activity of 1,456 μmol min −1 mg −1 protein or 60-fold of that of the wild-type mouse was used in this study. Mice were maintained with a 12-h light/12-h darkness cycle with free access to tap water.
Intraperitoneal glucose tolerance test, glucose and insulin levels Two days prior to killing, mice were fasted for 12 h and then given an i.p. injection of glucose (2 g/kg body weight). Blood samples were drawn from the tail vein 15 min and immediately before the glucose challenge, as well as 15, 60 and 120 min thereafter. Blood glucose and insulin levels were determined using a glucose analyser and a mouse insulin ELISA kit (Linco Research, Inc., St Charles, MO, USA), respectively [19] .
Isolation of mouse ventricular myocytes
Hearts were rapidly removed and perfused (at 37°C) with Krebs-Henseleit bicarbonate buffer. After perfusion, ventricles were digested with 0.9 mg/ml collagenase D (Boehringer Mannheim Biochemicals, Indianapolis, IN, USA) for 10 min before being minced and washed to remove remnant enzyme. Extracellular Ca 2+ was added incrementally back to 1.25 mmol/l. Fresh myocytes were used within 8 h. Cell viability was approximately 70% in all animal groups. Only rod-shaped myocytes with clear edges were selected for recording of mechanical properties [21] .
Cell shortening/relengthening measurements Mechanical properties of cardiomyocytes were assessed using a SoftEdge MyoCam system (IonOptix Corporation, Milton, MA, USA) [21] . Cell shortening and relengthening were assessed using the following indices: peak shortening (PS), time-to-PS (TPS) and time-to-90% relengthening (TR 90 ), half-width duration (HWD), which reflects the duration from 50% shortening to 50% relengthening, and maximal velocities of shortening (+dL/dt) and relengthening (−dL/dt). In the case of altering stimulus frequency, the steady-state contraction was achieved (usually after the first five or six beats) before PS was recorded.
Intracellular Ca
2+ transient measurement A separate cohort of myocytes was loaded with fura-2/AM (0.5 μmol/l) for 10 min and fluorescence measurements were recorded with a fluorescence photomultiplier system (IonOptix). Electrically paced (0.5 Hz) cells were exposed to light emitted by a 75 W lamp and passed through either a 360 or a 380 nm filter. Fluorescence emissions were detected between 480 and 520 nm. Qualitative changes in intracellular Ca 2+ concentration were inferred from the ratio of the fura-2 fluorescence intensity (FFI) at two wavelengths. Fluorescence decay time was also measured as an indication of the intracellular Ca 2+ clearing rate [21] .
Protein carbonyl assay
Protein carbonyl content of total protein lysate was determined as described [22] . In brief, protein was precipitated by adding an equal volume of 20% trichloroacetic acid (TCA) and centrifuged (11,000 ×g) for 5 min.
The sample was resuspended in 10 mmol/l 2,4-dinitrophenylhydrazine solution for 15-30 min at room temperature before 20% TCA was added and samples were centrifuged (11,000 g) for 3 min. The precipitate was resuspended in 6 mol/l guanidine solution. The maximum absorbance (360-390 nm) was read against appropriate blanks (2 mol/l HCl) and carbonyl content was calculated using the formula: absorption at 360 nm×45.45 nmol/protein content (mg). NaOH and 0.1% SDS (w/v). The radioactivity retained by the cell lysates was determined by a scintillation counter (LC 6000IC; Beckmann, Fullerton, CA, USA) and normalised to the protein amount measured with a Bradford Protein Assay Kit [24, 25] . To minimise the inter-assay variation, glucose uptake in all cell groups was normalised to the corresponding FVB-starch group.
Western blot analysis of Akt, phosphorylated Akt (pAkt), eNOS, tyrosine phosphorylation of insulin receptor, PPARγ, PTP1B, SERCA2a, NCX and PLB Tissue or cardiomyocyte samples were homogenised, sonicated and centrifuged (12,000 g). Protein (50 μg/ lane) was separated on a Bio-Rad Minigel apparatus (Mini-PROTEAN II; Bio-Rad, Hercules, CA, USA) before being transferred to nitrocellulose membranes. Membranes were incubated for 1 h in a blocking solution containing 5% milk in Tris-buffered saline (TBS), then were washed in TBS and incubated overnight at 4°C with anti-Akt (1:1,000), anti-pAkt (1:1,000), anti-PTP1B (1:2,500), anti-SERCA2a (1:1,000), anti-NCX (1:1,000), anti-PLB (1:1,000), antityrosine phosphorylation of insulin receptor (1:1,000) and anti-PPARγ (1:1,000) antibodies. Anti-Akt, anti-pAkt (Ser473), anti-PPARγ and anti-tyrosine phosphorylation of insulin receptor (Tyr1146) antibodies were obtained from Cell Signaling (Beverly, MA, USA). PTP1B antibody was from BD Biosciences Pharmigen (San Diego, CA, USA), antibodies to SERCA2a (A7R5) and PLB (2D12) were kindly provided by S. Cala (Wayne State University, Detroit, MI, USA). Anti-NCX antibodies were obtained from Swant Company (Bellinzona, Switzerland). After removal of excess primary antibody binding, blots were incubated for 1 h with horseradish peroxidase-conjugated secondary antibody. Antibody binding was detected using enhanced chemiluminescence and films were evaluated with a Bio-Rad Calibrated Densitometer [21] .
Data analysis
Data are expressed as means±SEM. Statistical comparisons were performed by ANOVA followed by a Newman-Keuls post hoc test. Significance was defined as p<0.05. 
Results
Experimental animals
No significant difference was found in body, heart, liver and kidney weight or organ/body weight ratio among all mouse groups. Consistent with the previous findings [5, 6, 19] , sucrose induced hyperinsulinaemia, which was not affected by the catalase transgene (Table 1) . Following acute i.p. glucose challenge, blood glucose and insulin levels in starch-fed mice started to drop after peaking at 15 min, and returned to nearly baseline values after 120 min. However, the post-challenge glucose levels were maintained at high levels from 15 to 120 min in the sucrose-fed mice. Similarly, basal blood insulin levels were significantly higher in sucrose-fed FVB or catalase mice, and were barely responsive to acute i.p. glucose challenge (Fig. 1) . The blood insulin levels were significantly higher in sucrose-fed mice than those of starch-fed mice at every time-point except 15 min. These data revealed impaired glucose clearance and insulin insensitivity following sucrose feeding. There was no difference in basal fasting glucose levels among all mouse groups, excluding the presence of diabetes following sucrose dietary intake.
Mechanical and fluorescent properties of myocytes from starch-and sucrose-fed mice The 12-week sucrose feeding regimen significantly enhanced the resting cell length of cardiac myocytes, which may be ablated by catalase transgene. Catalase itself did not affect the resting cell length (Fig. 2) . As shown in Figs. 2 and 3, PS and ±dL/dt were significantly depressed in myocytes from the sucrose-fed FVB group compared with those from starch-fed FVB mice. Myocytes from sucrose-fed FVB mice displayed normal TPS and a significantly prolonged TR 90 compared with those from the starch-fed FVB mice. The HWD, an index of the duration of late-contraction and early-relaxation, did not differ among all mouse groups. Interestingly, catalase effectively protected cardiomyocytes from sucrose-dietinduced mechanical dysfunctions. Our fura-2 study revealed depressed electrically stimulated ΔFFI and slowed intracellular Ca 2+ clearing rate in myocytes from sucrose-fed FVB myocytes, a finding consistent with reduced PS and prolonged TR 90 in these myocytes. Similarly to its effect on cell shortening, catalase abolished the sucrose-diet-induced decrease in ΔFFI and prolongation in intracellular Ca 2+ clearing. The resting intracellular Ca 2+ levels (resting FFI) were unaltered by sucrose diet although they were significantly reduced by catalase (Fig. 4) .
Effect of increasing stimulation frequency on myocyte shortening
Rodent hearts normally contract at high frequencies, whereas our mechanical evaluation was conducted at 0.5 Hz. To evaluate the impact of insulin resistance and catalase on cardiac contractile function under higher frequencies, we increased the stimulating frequency up to 5.0 Hz (300 beats/min). Cells were initially stimulated to contract at 0.5 Hz for 5 min to ensure a steady-state before commencing the frequency study. All recorded PSs were normalised to that obtained at 0.1 Hz in the same myocyte. Figure 5 shows a steeper inhibition in PS from sucrose-fed FVB mouse myocytes at 0.5 and 1.0 Hz of stimulating frequency compared with the starch-fed FVB group, suggesting that intracellular Ca 2+ cycling function may be compromised under insulin resistance. However, the degree of PS reduction was similar between starch-and sucrose-fed groups at 3.0 and 5.0 Hz, indicating normal Effect of sucrose diet and catalase transgene on ROS and protein carbonyl formation Results shown in Fig. 6 indicate that ROS generation and protein carbonyl formation, an indicator of protein oxidative damage, were significantly elevated in myocardium from sucrose-fed FVB mice. Although catalase itself had no effect on cardiac ROS generation and protein carbonyl formation, it significantly attenuated sucrose-diet-induced elevation in cardiac ROS generation and protein carbonyl formation, suggesting enhanced cardiac ROS accumulation and protein oxidative damage under insulin resistance and protection offered by the antioxidant catalase.
Effect of sucrose diet and catalase transgene on insulin-stimulated glucose uptake To determine whether insulin sensitivity plays a role in sucrose-diet-and catalase-induced alteration of cardiomyocyte contractile function, basal and insulin-stimulated glucose uptake was determined. Basal glucose uptake was comparable in all groups. At 100 nmol/l insulin, starch-fed FVB mouse myocytes exhibited a significant increase in glucose uptake. However, the insulin-stimulated glucose uptake was blunted in myocytes from sucrose-fed FVB mice compared with the starch-fed FVB group. Catalase elicited little effect on insulin-stimulated glucose uptake in either starch-or sucrose-fed mouse myocytes. Insulinstimulated glucose uptake remained blunted in the sucrosefed catalase group (Fig. 7) . These data suggest that catalase transgene does not affect insulin-stimulated glucose uptake in either starch-or sucrose-fed mouse cardiomyocytes.
Changes of protein expression in SERCA2a, PLB and NCX
To examine the possible mechanism behind insulin-resistance-induced cardiomyocyte contractile dysfunction and catalase-elicited protection, we evaluated cardiac expression of several key cardiac Ca 2+ -regulating proteins including SERCA2a, PLB and NCX. Our results revealed that sucrose diet did not significantly affect expression of SERCA2a and PLB, although it downregulated NCX Fig. 6 Levels of cardiac ROS generation (a) and protein carbonyl formation (b) from FVB and catalase (CAT) mice fed with either starch or sucrose diet for 12 weeks. Means±SEM, n=20 and 6 for ROS and protein carbonyl formation, respectively, *p<0.05 vs FVBstarch group, #p<0.05 vs FVB-sucrose group. DCF 5-(6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate expression. Interestingly, sucrose-diet-induced downregulation of NCX was absent in catalase-transgenic mice (Fig. 8) , suggesting a role of NCX in sucrose-diet-induced mechanical dysfunction and in the cardiac protective effect elicited by catalase.
Changes of protein expression in Akt, pAkt, tyrosine phosphorylation of insulin receptor, PPARγ PTP1B and eNOS Insulin resistance is associated with interrupted insulin signalling at receptor and post-receptor levels [1, 3] . To explore the contribution of insulin-signalling molecules to catalase-afforded cardiac protection against insulin-resistance-elicited mechanical dysfunction, we evaluated cardiac expression of Akt, pAkt, tyrosine phosphorylation (site Tyr1146) of the insulin receptor, PPARγ, PTP1B and eNOS. Our results showed that sucrose-feeding-induced insulin resistance did not affect expression of total Akt with or without insulin stimulation. However, sucrose diet significantly enhanced basal Akt phosphorylation and blunted insulin-stimulated Akt phosphorylation. Catalase did not affect sucrose-diet-or insulin-stimulation-induced effects on Akt and pAkt (Fig. 9) . Our further study revealed that insulin resistance significantly enhanced expression of PTP1B without affecting that of PPARγ and basal tyrosine phosphorylation of insulin receptor. The insulin-resistanceinduced rise in PTP1B level was further augmented by the catalase transgene. Catalase also upregulated expression of PTP1B and PPARγ but not insulin-receptor tyrosine phosphorylation (basal or insulin-stimulated). Consistent with its effect on Akt phosphorylation shown in Fig. 9 , insulin-stimulated phosphorylation of insulin receptor was significantly inhibited by sucrose feeding. Catalase itself did not affect insulin-stimulated insulin-receptor phosphorylation. These data did not favour a likely contribution of insulin-receptor signalling to catalase-elicited cardiac protection against insulin resistance. Interestingly, insulin resistance induced a significant decrease in eNOS expression, which was blunted by catalase transgene (Fig. 10) .
Discussion
Our results revealed that prediabetic insulin resistance elicits hyperinsulinaemia, glucose intolerance, impaired insulin-stimulated glucose uptake, cardiomyocyte contrac- tile dysfunction, impaired intracellular Ca 2+ handling and enhanced ROS generation and protein damage, as well as reduced NCX expression. With the exception of hyperinsulinaemia, glucose intolerance and impaired insulinstimulated glucose uptake, all of the above were alleviated by catalase. The 'sucrose diet' insulin-resistance-induced cardiac contractile and intracellular Ca 2+ dysfunctions were associated with enhanced basal Akt phosphorylation and PTP1B expression, blunted insulin stimulation in phosphorylation of Akt and insulin receptor (Tyr1146) and reduced expression of eNOS but not that of PPARγ or basal insulin-receptor tyrosine phosphorylation, which suggests a relationship between altered insulin signalling and cardiac mechanical dysfunction. However, unlike its beneficial effect on insulin-resistance-induced mechanical and intracellular Ca 2+ dysfunction, catalase failed to alleviate the insulin-resistance-induced deficiency in insulin sensitivity and post-receptor signalling. Only reduced expression of eNOS in response to insulin resistance, which may or may not be directly associated with the insulin-signalling pathway, was alleviated by catalase. Given the fact that whole-body insulin resistance, hyperinsulinaemia, impaired glucose uptake and glucose intolerance were unaffected by catalase, our data indicated that catalase rescues insulin-resistance-induced cardiac contractile dysfunction possibly through reduction of ROS generation and protein oxidation as well as restoration of NCX expression, a mechanism independent of insulin signalling.
Insulin resistance impairs cardiac contractile functions in a manner reminiscent of full-blown diabetes [9, 10] , suggesting a possible role of prediabetic insulin resistance in diabetic cardiomyopathy. This is supported by the beneficial effects of pharmacological intervention and lifestyle modification including insulin sensitiser, diet restriction and weight loss on insulin sensitivity and cardiac function in patients with type 2 diabetes and obesity [3, 25] . Our 12-week starch/sucrose dietary feeding did not produce any difference in body or organ weight and fasting blood glucose in either FVB or catalase mice, excluding the potential contribution of obesity and diabetes to the current insulin-resistance experimental model. Data from our present study revealed that ventricular myocytes from sucrose-fed mice exhibited depressed PS amplitude, reduced ±dL/dt and prolonged TR 90 associated with normal TPS and HWD. Most of these data are consistent with our previous findings using a similar hyperinsulinaemic insulin-resistance model in rats [6, 26] . The fact that Fig. 9 Western blot analysis showing total and phosphorylated Akt level in starch-(ST) and sucrose (SU)-fed FVB and catalase (CAT) mouse cardiomyocytes challenged with or without insulin (100 nmol/l for 10 min). a Representative immunoblots depicting total and phosphorylated Akt using anti-Akt and anti-phospho-Akt (pAkt) antibodies. b Total Akt expression; c pAkt expression; and d pAkt/Akt ratio. Means±SEM, n=8 and 4 for non-insulin-and insulin-stimulated groups, respectively, *p<0.05 vs FVB-starch group, #p<0.05 vs corresponding non-insulin-stimulated group our early observation showed either normal TR 90 and ±dL/dt or shortened TPS after sucrose-diet feeding may be attributed to relatively short feeding duration (7-10 weeks) [6] and the difference in experimental species (rats vs mice). These mechanical defects are strikingly similar to those reported in ventricular myocytes from full-blown diabetes [9, 18, 26] . The increased resting cell length in conjunction with unchanged heart weight or heart:body weight ratio in sucrose-fed mice suggests the possible existence of dilated cardiomyopathy or 'eccentric cardiac hypertrophy' due to volume-overload-induced stretch of ventricles. Insulin resistance is known to be accompanied phosphorylation of insulin receptor, PTP1B, PPARγ and eNOS using anti-phospho-insulin receptor (Tyr1146), anti-PTP1B, anti-PPARγ and anti-eNOS antibodies. Means±SEM, n=8 and 4 for non-insulin and insulin-stimulated groups, respectively, *p<0.05 vs FVB-starch group, †*p<0.05 vs corresponding non-insulin-stimulated group, #p<0.05 vs FVB-sucrose or corresponding sucrose diet group by ventricular pressure or volume overload [2] . The impaired intracellular Ca 2+ handling shown as a reduced intracellular Ca 2+ clearance rate (τ) and reduced ΔFFI in sucrose-fed FVB mouse myocytes are consistent with those found in diabetic hearts [9, 10, 18] and are mostly likely responsible for prolonged TR 90 and reduced PS amplitude in these cells. The unchanged HWD in conjunction with prolonged relaxation duration and normal contraction duration following sucrose feeding favours the view that impaired relaxation may be due to a defect of the slow phase of relaxation (controlled by NCX and/or the sarcolemmal Ca 2+ pump) rather than early relaxation machinery such as myosin heavy chain isozymes and SERCA. This is consistent with our immunoblotting of reduced NCX expression associated with normal SERCA2a and PLB in the sucrose-fed FVB group. The observation that the catalase transgene itself significantly lowered the resting intracellular Ca 2+ level may indicate possible protective effects of the antioxidant enzyme against intracellular Ca 2+ overload in the heart. H 2 O 2 , the substrate of the catalase enzymatic reaction, is known to lead to accumulation of intracellular Ca 2+ and Ca
2+
overload in cardiac myocytes [27] . Perhaps the most intriguing finding from our study was that catalase elicits cardiac protection against insulin resistance independently of an improvement in insulin sensitivity. The mechanical and intracellular Ca 2+ defects triggered by insulin resistance were alleviated by catalase, in a manner similar to its effect on diabetes-induced cardiac contractile dysfunctions [18] . Cardiomyocyte dysfunction has been demonstrated in animal models of type 2 diabetes or insulin resistance [4-6, 26, 28, 29] . It could be speculated that reduced oxidative stress is responsible for the protection by catalase against insulin-resistance-induced cardiac contractile dysfunction. This is evidenced by the antagonism of catalase against the insulin-resistanceinduced increase in cardiac ROS generation and protein carbonyl formation. Another scenario behind catalaseelicited protection against insulin-resistance-associated cardiomyocyte dysfunction is the antagonism against depressed NCX expression. NCX is an essential cardiac Ca 2+ -regulating protein responsible for cardiac contractile function, especially the delayed phase of relaxation [30] . SERCA2a and PLB also play major roles in the maintenance of cardiac contractile function, especially the rapid phase of relaxation [31] . Nevertheless, our current finding does not favour any involvement of SERCA2a and PLB in insulin resistance or the catalase-elicited cardiac mechanical effect. Although our study revealed changes of several insulin-signalling molecules in insulin-resistant FVB mice, at both the receptor and post-receptor levels, improvement of cardiac ROS production, protein carbonyl formation and NCX expression in sucrose-fed catalase mice seem to occur independently of these insulin-signalling molecules (tyrosine phosphorylation of insulin receptor, Akt phosphorylation, PTP1B and PPARγ). This separation between contractile function and insulin signalling was further supported by the inability of catalase transgene to correct insulin-resistance-dampened glucose uptake.
Our data do not favour an involvement of the insulinsignalling cascade in the catalase-elicited protection of cardiomyocyte dysfunction. Nevertheless, several interesting points may be helpful to better understand insulinsignalling mechanisms in cardiomyocytes. Our observation of normal tyrosine phosphorylation of the insulin receptor and enhanced Akt phosphorylation in insulin-resistant mice may indicate a 'pseudo-hyperactivity' of insulin signalling due to a feedback upregulation as a result of desensitised insulin signalling following 12 weeks of sucrose feeding. Either under-or overactivation of the key cardiac survival factor Akt has been demonstrated in various models of type 2 diabetes or insulin resistance [32] [33] [34] , suggesting a crucial role of Akt activation in insulin resistance. It is noteworthy that enhanced Akt phosphorylation may also be attributed to elevated blood insulin levels in sucrose-fed mice. It is not surprising that sucrosefeeding-induced insulin resistance upregulated PTP1B, the negative modulator of insulin signalling [15] . Proteintyrosine phosphatases (PTPs) are extremely sensitive to oxidative stress, which has been suggested as a mechanism for regulation of PTP function [35] . Although oxidative stress may facilitate the tyrosine-phosphorylation-dependent cellular-signalling response of insulin by transiently inactivating the negative-insulin-regulator PTPs, excessive oxidative stress under insulin resistance and diabetes was reported to upregulate the redox-sensitive protein PTP1B [36] . Reduced oxidative stress along with elevated PTP1B expression in sucrose-fed catalase mice again proved the independence of oxidative stress and insulin signalling in our current model of insulin resistance. Furthermore, PPARγ is the adipocyte-predominant transcription factor serving as an insulin sensitiser for glucose and lipid metabolism [14] . Although sucrose-fed insulin resistance failed to alter PPARγ in our current experimental setting, the fact that catalase transgene itself directly enhanced PPARγ levels should assist in correcting the imbalanced redox status triggered by insulin resistance.
Our results indicate that insulin resistance reduced the expression of eNOS, which can be alleviated by the antioxidant catalase. It has been reported previously that reduced eNOS function may underscore cardiac and smooth muscle atherogenesis in fructose-induced insulin resistance and metabolic syndrome [37] . Recent evidence from our laboratory revealed that gene delivery of eNOS into cardiomyocytes directly improved cardiac contractile function through a phosphatidylinositol-3-kinase-dependent mechanism [35] . Additional evidence suggested that impairment of endothelium-dependent vasodilatation is not a direct consequence of reduced activity/expression of eNOS, but is rather triggered by an enhanced inactivation of nitric oxide by oxidative stress, especially ROS [38] . Oxidative stress and impaired cardiac contractile function have been demonstrated in insulin-resistant states such as type 2 diabetes, hypertension and obesity [1, 39] . A highfructose diet has been shown to reduce mRNA expression of antioxidant catalase [40] , which itself provides solid support for a therapeutic indication of catalase enzyme. Our present study indicates that the catalase-elicited cardiac-protective effect on mechanical function may be related solely to its antioxidant capacity, independently of improved insulin sensitivity. This is somewhat inconsistent with an earlier report that abrogation of oxidative stress improves insulin sensitivity in a Ren2 angiotensin-IIoverexpression rat model [41] . It could be argued that catalase-induced upregulation of PPARγ non-specifically improves cardiac function. Further study is warranted to elucidate the role of PPARγ activation in cardiac contractile function and oxidative stress.
In summary, our present study sheds some light on the interactions between oxidative stress, insulin signalling and insulin-resistance-associated cardiac contractile defects. Given the fact that the precise pathogenesis of cardiac contractile dysfunction, cardiac Ca 2+ -regulatory protein defect and protein oxidative damage under insulin resistance is far from clear, it is imperative for researchers to delineate the action of insulin-signalling mechanisms under various conditions of oxidative stress in order to better understand the transition from insulin sensitive-to insulinresistant states.
